Cold rolling textures of three kinds of Ni-based intermetallic alloys with L1 2 ordered structure (i.e., Ni 3 (Si,Ti), Ni 3 Al, and Ni 3 Fe) were investigated by the orientation distribution function (ODF). For comparison, the rolling texture of pure nickel with fcc disordered structure was also determined. The rolling textures of the 70% and 90% cold-rolled L1 2 alloys as well as fcc nickel are composed of the -fiber ({011}h100i (G) À {011}h211i (Bs)) and -fiber ({112}h111i (C) À {123}h634i (S) À {011}h211i (Bs)) components, but the {011}h211i (Bs) (and also the {011}h100i (G)) orientation is remarkable in the L1 2 alloys while the {123}h634i (S) (and also the {112}h111i (C)) orientation is prominent in fcc nickel. Moreover, the intensity of rolling texture in the L1 2 alloys depended on materials (i.e., constituent elements). The observed rolling texture of the L1 2 ordered alloys was discussed in terms of cross slips of extended dislocations whose width was estimated by the energies of stacking-fault-like defect (SFLD) (i.e., antiphase boundary (APB) in the case of L1 2 ordered structure and stacking fault (SF) in the case of fcc disordered structure).
Introduction
There are many kinds of Ni 3 X type intermetallic ordered alloys. Among them, Ni 3 Al and Ni 3 (Si,Ti) ordered alloys with L1 2 crystal structure, which is derived from A1 (fcc) structure, have attracted considerable attention because these ordered alloys show a positive temperature dependence of yield strength (i.e., high strength at elevated temperatures) and also good properties in oxidizing and corrosive atmosphere. 1, 2) In addition, by micro- 3) and macro-alloying, 2) both the polycrystalline Ni 3 Al and Ni 3 (Si,Ti) alloys can be plastically deformed in air at ambient temperature, 3, 4) whereas most of intermetallic compounds suffer from a limited ductility at ambient temperature. On the other hand, Ni 3 Fe shows order (L1 2 ) À disordered (fcc) transition at Tc ¼ 776 K and the ordered Ni 3 Fe as well as the disordered one exhibits a considerable tensile ductility at ambient temperature. 5 ) Therefore, microstructure control by thermomechanical processing is applicable to these deformable ordered alloys. Microstructural factors such as grain size, crystallographic texture and grain boundary character, which noticeably affect material properties are substantially changed through the thermomechanical process. Previous studies on deformation texture for Ni-based L1 2 ordered alloys have been mostly focused on Ni 3 Al doped with boron, [6] [7] [8] [9] [10] but few studies for other Ni-based L1 2 ordered alloys have been conducted so far. 11) A comprehensive understanding for texture development during cold rolling of L1 2 ordered alloys is much needed not only in the scientific interest but also in the practical application of intermetallic compounds.
In the present study, polycrystalline Ni 3 Al, Ni 3 (Si,Ti) and Ni 3 Fe ordered alloys with L1 2 structure, together with pure nickel with fcc structure, were cold-rolled to 90% reduction. The cold rolling textures were investigated in terms of the ordered state and the constituent elements. Further, the texture development during cold rolling of L1 2 ordered alloys was discussed in association with cross slips of extended superlattice dislocations whose width was calculated by using the reported values of stacking-fault-like defect (SFLD) energies (i.e., antiphase boundary (APB) energy in the case of L1 2 ordered structure and stacking fault (SF) energy in the case of fcc disordered structure).
Experimental
{111}, {200} and {220} were measured up to a maximal tilt angle of 75 by the Schultz reflection method 14) and corrected with respect to defocusing error by using the randomly oriented powder sample. From these pole figures, the complete orientation distribution functions (ODFs) including odd terms for ghost correction were determined up to an order of l ¼ 22 by the iterative series expansion method, using positivity conditions in pole figures and an ODF. 15, 16) 
Results
The starting materials before cold rolling show a fullyrecrystallized microstructure and have almost no preferential orientation (i.e., random texture). Initial grain sizes of L1 2 ordered alloys are in the range of $100{200 mm while those of fcc nickel are less than $100 mm. Figure 1 shows optical micrographs of the longitudinal section of the 70% coldrolled materials. Obviously, inhomogeneously deformed microstructures are evolved in the Ni 3 (Si,Ti), Ni 3 Al and Ni 3 Fe ordered alloys while homogeneously elongated grains along rolling direction are developed in pure nickel. For Ni 3 (Si,Ti), Ni 3 Al and Ni 3 Fe, shear bands are extensively formed. These shear bands are mostly extended across several grains, and have been repeatedly observed in rolled Ni 3 Al by other researchers. 7, 9, 10) A similar feature of the deformed microstructures are observed in the 90% coldrolled materials: the shear bands are more intensively formed in Ni 3 (Si,Ti), Ni 3 Al and Ni 3 Fe but not in pure nickel.
The ' 2 sections of ODFs for the 70% and 90% cold-rolled materials are given in Figs. 2 and 3 , respectively. Some ideal orientations observed in the present materials are illustrated in Fig. 4 . It is well known that rolling texture of fcc materials is divided into two types, i.e. copper type (pure metal type) and brass type (alloy type), and also that nickel as well as copper and aluminum typically show the copper type rolling texture. 17) The main features such as preferred orientations and orientation spread in the rolling textures of the L1 2 ordered alloys are basically similar to those for the rolling texture of nickel, but the intensity of rolling textures is significantly lower in the L1 2 ordered alloys than in fcc disordered nickel. Moreover, the intensity of the rolling texture is different among the L1 2 ordered alloys. Figures 5(a) and (b) show texture index J 18) (i.e., intensity of texture) for the 70% and 90% cold-rolled materials, respectively. Texture index J, which is a single parameter to characterize the intensity of texture, is defined by the follows:
Here, f ðgÞ represents the orientation distribution function (i.e., an orientation density) of the crystallites of a polycrystalline material. The texture index J varies between 1 in the case of random orientation and 1 in the case of one or more ideal single orientations. 18) It is apparent from Fig. 5 that the intensity of L1 2 rolling textures decreases in the order of Ni 3 (Si,Ti), Ni 3 Al and Ni 3 Fe, and also the discrepancy among four materials becomes larger in 90% reduction than in 70% reduction.
The copper type rolling texture is known to be composed of the -fiber that has orientation spread from the {011}h100i (G) orientation to the {011}h211i (Bs) orientation, andfiber that runs from the {112}h111i (C) orientation, through the {123}h634i (S) orientation, to the {011}h211i (Bs) orientation. 17) Figures 6 and 7 show the orientation density along the -and -fibers in the rolling textures for the (a) 70% and (b) 90% cold-rolled materials, respectively. Generally, the copper type rolling texture of the heavily (e.g. more than 90% reduction) rolled metals and alloys consists of a weak -fiber and strong -fiber in which the S and C orientations are stronger than the Bs orientation, 19) as actually observed in the 90% cold-rolled pure nickel (Fig. 7) . For the 70% cold-rolled materials, the S and also C orientations are not so much developed compared with the Bs orientation even in the case of nickel (Fig. 6b ). For Ni 3 (Si,Ti) and Ni 3 Al, the orientation distribution curves along the -fiber show a peak at the Bs orientation and those along the -fiber show a distinctive high orientation density from the G to Bs orientations, as clearly seen in Fig. 7 . This result suggests that the texture transition from the copper type to brass type somewhat occurs in the Ni 3 (Si,Ti) and Ni 3 Al ordered alloys. In the case of Ni 3 Fe, the trend for the -and -fibers is essentially the same as that for Ni 3 (Si,Ti) and Ni 3 Al though the orientation density in Ni 3 Fe is considerably low in comparison with that in Ni 3 (Si,Ti) and Ni 3 Al.
Discussion
The observed rolling textures of the cold-rolled Ni-based L1 2 ordered alloys are composed of the -and -fiber components. Basically, this textural feature is similar to that of fcc materials with medium or high stacking fault energy. In general, deformation texture is formed by crystal lattice rotation due to slip deformation. Slip system for L1 2 -type ordered structure is the same as that for fcc structure, i.e. h101i{111}. Therefore, it is deduced that deformation texture developed in L1 2 ordered alloys is fundamentally the same as that developed in fcc materials.
When comparing rolling textures of the L1 2 ordered alloys with those of fcc disordered nickel, intensity and main component of rolling textures are different between them. First, intensity of the rolling textures in the L1 2 ordered alloys is low in comparison with that in the fcc disordered nickel. Secondly, the Bs and also G orientations (i.e., -fiber) are prominent in the L1 2 ordered alloys while the S and C orientations (i.e., a typical main component of the -fiber in heavily rolled copper, aluminum and nickel, etc.) are marked in fcc nickel. The difference in the observed rolling textures between the L1 2 ordered and fcc disordered materials seems to be associated with the difficulty of octahedral cross slips from {111} to {111} planes. The difficulty or the easiness of octahedral cross slip is closely related to the width of extended dislocations; the larger the width of extended dislocation becomes, the harder the octahedral cross slip becomes. The width of the extended dislocations is inversely proportional to the energy of the stacking-fault-like defect (i.e., antiphase boundary in the case of L1 2 ordered structure or stacking fault in the case of fcc disordered structure). Consequently, it is deduced that the octahedral cross slip becomes easier and then the deformation texture becomes more intense with increasing energy of the stacking-fault-like defect.
Here, let us estimate the width of extended dislocations. It has been reported that the superlattice dislocation h110i in Ni 3 (Si,Ti), 20) Ni 3 Al 1) and Ni 3 Fe 21) is dissociated into two 1/2h110i dislocations bounded for the antiphase boundary (APB), while the dislocation 1/2h110i in fcc nickel is dissociated into two Shockley partials 1/6h211i bounded for the stacking fault (SF). These dissociation manners of dislocations are expressed by the following schemes;
Here, a is lattice parameter. The width (w) of the extended dislocation for the L1 2 ordered alloys is given as follows:
Similarly, w for fcc materials is given as follows: 23) w ¼ Gb
Here, G is the shear modulus, b h is the Burgers vector for super partial dislocation in the case of L1 2 ordered alloys and for Shockley partial dislocation in the case of fcc material, APB is the antiphase boundary energy per unit area, SF is the 24) 0.3572, 25) 29) 180 (AE20) 30) and 133 (AE8) 21) mJ/m 2 , respectively, while the value of SF for nickel has been reported to be 128 mJ/m 2 . 31) By using these values, the width of extended dislocations can be calculated from equations (4) and (5). The results are summarized in Table 1 . It is apparent from Table 1 that the width of both screw and edge dislocations is significantly larger in the L1 2 ordered alloys than in fcc disordered nickel. Also, it should be noted that the width of extended dislocations of the present Ni-based intermetallic alloys is considerably smaller than that of copper with medium SF ($80 mJ/m 2 ) 31) in which width of extended dislocations is estimated to be $1:1 nm for screw dislocations and $3:0 nm for edge dislocations, respectively. 32) Actually, using by a transmission electron microscope (TEM), these widely extended (or dissociated) dislocations have been observed e.g. for Ni 3 (Si,Ti), 30) Ni 3 Al 33) and Ni 3 Fe 34) deformed at low temperature. Furthermore, the width of extended (screw) dislocations increases in the order of Ni (0.835 nm), Ni 3 (Si,Ti) (3.69 nm), Ni 3 Al (4.34 nm) and Ni 3 Fe (6.40 nm). This result is consistent well with the order of the intensity of the observed rolling textures (Fig. 5) . As mentioned above, octahedral cross slips become more difficult with increasing width of the extended dislocations. As a result, the development of the -fiber texture is suppressed and alternatively the Bs (and G) orientation (the -fiber texture) remains as a main component of rolling textures in the L1 2 ordered alloys. Moreover, these dissociated superlattice dislocation bounded for the APB may lead to unusual (and various) crystal lattice rotation in the L1 2 ordered structure different from that in fcc disordered materials, resulting in weak deformation texture. It appears that such unusual crystal lattice rotation is a unique phenomenon in ordered intermetallic alloys in which widely extended superlattice dislocations are operated. Strictly describing, here, superlattice dislocations introduced in ordered Ni 3 Fe show a four-fold dissociation scheme, 21) i.e.,
ðCSF: complex stacking faultÞ:
It is therefore considered that cross slips hardly occur and at the same time unusual (unexpected) crystal rotation occurs in this case. The texture transition from the copper-type to brass-type has been often related to deformation twins, [35] [36] [37] as have been observed in -brass with a low stacking energy. Concerning this point, TEM observations have been made so far and consequently, no deformation twins have been observed for the 90% cold-rolled Ni 3 (Si,Ti) 38) and for the cold-rolled Ni 3 Al. 39) As far as the present authors know, there are no previous works reporting the deformation twins activated in Ni 3 X type ordered alloys deformed at low temperature. Therefore, an idea that the deformation twin is closely associated with the formation of the texture in L1 2 -type Ni 3 X ordered alloys is excluded from the realistic 40) However, to furthermore clarify the rolling textures in the L1 2 ordered alloys, more extensive studies, particularly on the deformed microstructures, are required.
Conclusion
Polycrystalline Ni 3 (Si,Ti), Ni 3 Al, and Ni 3 Fe alloys with L1 2 ordered structure, together with pure nickel with fcc disordered structure, were cold-rolled up to 90% reduction and then rolling textures were determined. The rolling texture of the 70% and 90% cold-rolled L1 2 alloys was composed of the -and -fiber components similar to that of fcc nickel, but the {011}h211i (Bs) (and also the {011}h100i (G)) orientation is remarkable in the L1 2 alloys while the {123}h634i (S) orientation is prominent in fcc nickel Moreover, the intensity of rolling texture in the L1 2 alloys depended on materials (i.e., constituent elements): the intensity of the rolling texture increases in the order of nickel, Ni 3 (Si,Ti), Ni 3 Al and Ni 3 Fe. These results can be interpreted by consideration of cross slips for superlattice dislocations and ordinary dislocation whose width are estimated by energies of stacking-fault-like defect (SFLD) (i.e., antiphase boundary (APB) in the case of L1 2 ordered structure and stacking fault (SF) in the case of fcc disordered structure).
